Sandia National Labs SAND-2015-0511J

A Radial Basis Function Galerkin Method for

Inhomogeneous Nonlocal Diffusion™

R. B. Lehoucq®*, S. T. RoweP

@ Computational Mathematics, Sandia National Laboratories, Albuquerque, NM 87185-1320,
USA
b Department of Mathematics, Texas AE&M University, College Station, TX 77843-3368,
USA

Abstract

We introduce a meshfree discretization for a nonlocal diffusion problem using a
localized basis of radial basis functions. Our method consists of a conforming
radial basis of local Lagrange functions for a variational formulation of a volume
constrained nonlocal diffusion equation. We also establish an L? error estimate
on the local Lagrange interpolant. The stiffness matrix is assembled by a spe-
cial quadrature routine unique to the localized basis. Combining the quadrature
method with the localized basis produces a well-conditioned, sparse, symmetric
positive definite stiffness matrix. We demonstrate that both the continuum and
discrete problems are well-posed and present numerical results for the conver-
gence behavior of the radial basis function method. We explore approximating
the solution to inhomogeneous differential equations by solving inhomogeneous
nonlocal integral equations using the proposed radial basis function method.

Keywords: Radial basis functions, nonlocal diffusion, Lagrange functions,
volume constraint

1. Introduction

We introduce a meshfree discretization for a nonlocal diffusion problem using
a localized basis of radial basis functions. Our approach builds upon and signif-
icantly extends the application of radial basis function methods for the nonlocal
diffusion equation introduced in the proceedings paper [1]. We accomplish this
by
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e introducing a conforming radial basis function method of N local Lagrange
functions in contrast to the nonconforming basis of Lagrange functions
used [1];

e demonstrating that the ensuing discrete volume-constrained nonlocal dif-
fusion problem in R" is well-posed by exploiting the results in the paper
[2] established for the infinite dimensional problem;

e establishing an L? error estimate for the local Lagrange function inter-
polant;

e reducing the cost of computing the quadrature weights to the solution of
N linear systems of order O(log N)" from that of the 2N linear systems;

e demonstrating that the discretized inhomogeneous nonlocal diffusion is
a good approximation of the classical diffusion problem as the region of
nonlocality € vanishes;

In particular, our approach maintains the same benefits of the radial basis
function method proposed in [1] while avoiding the solution of the dense linear
systems needed for the quadrature weights and determination of the thin plate
spline coefficients in terms of the Lagrange functions—the solution of two lin-
ear systems of order N. Moreover, we extend the results of [1] by considering
inhomogeneous nonlocal diffusion equations and demonstrating that both the
continuum and discrete problems are well-posed by appealing to theory devel-
oped in [2].

Nonlocal diffusion generalizes classical diffusion by replacing the partial dif-
ferential equations with integral equations. Various models have been proposed
for these cases of so-called anomalous diffusion, which include models based on
integral equations and fractional derivatives. The nonlocal equation we consider
has applications in a variety of fields besides anomalous diffusion such as image
analyses, nonlocal heat conduction, machine learning, and peridynamic me-
chanics. We apply our conforming radial basis method to a volume constrained
diffusion equation. Volume constraints replace the boundary conditions associ-
ated with classical diffusion and are needed to demonstrate that the problem is
well-posed and then allow a link with a Markov jump process; see [2, 3| for ad-
ditional information and citations to the literature. Section 2 reviews nonlocal
diffusion, its relationship with classical diffusion and its variational formulation.

Radial basis functions have been extensively studied for meshfree interpo-
lation and approximation. Radial basis functions have also been applied in a
variety of areas besides interpolation of scattered data on subsets R™. They have
seen notable success in collocation methods for elliptic, parabolic, and hyper-
bolic partial differential equations. Section 3 briefly reviews the aspects of radial
basis functions needed, including citations to the literature, and introduces the
application of local Lagrange functions and a quadrature rule necessary for a
practical numerical method. To the best of our knowledge, the application of
these two techniques to finite domains in R™ is a novel contribution of our paper.
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Section 4 introduces the simple modification of the local Lagrange functions
rendering the novel conforming radial basis function method for nonlocal diffu-
sion that is the primary contribution of our paper. Proposition 1 establishes an
L? error estimate on the local Lagrange interpolant; the numerical experiments
demonstrate that second order convergence is observed, in concordance with the
error estimate. We also propose an approximation of the stiffness matrix via
the quadrature rule introduced in Section 3.2 that results in a matrix contain-
ing the sparsity inherent in the integral operator. We also demonstrate that the
resulting approximate stiffness matrix is symmetric positive definite given some
mild conditions.

Numerical experiments for the discretization of the nonlocal diffusion prob-
lem are discussed in Section 5. In addition to studying the discretization of
nonlocal diffusion problems, Section 5.3 presents experiments that consider ap-
proximating the solution to an inhomogeneous differential equation by discretiz-
ing and solving an inhomogeneous nonlocal diffusion problem.

1.1. Nonlocal vector calculus

The nonlocal vector calculus developed in [4] provides nonlocal analogues of
the gradient, divergence, and curl operators. We quickly summarize the aspects
of the nonlocal vector calculus required for the nonlocal diffusion equation; the
calculus enables a concise formulation synergistic with conventional variational
formulation of classical diffusion.

Let v(x,7),a(z,y) : R* x R® — R* where a is an anti-symmetric mapping,
ie., a(z,y) = —a(y,x). The nonlocal divergence operator D acts on v by

(Dv)(@) = / (v(z,y) + v(y.2)) - alz,y) dy.
The adjoint operator D*u

(D*u) (z,y) = —(u(y) — u(m))a(w,y) for z,y € R™,

and is derived from the inner product

[ o@u@de= [ [ ve) @0 iy,

For an open subset 2 C R", we define the interaction domain
O :={y e R"\ Q: a(z,y) # 0 for some = € 1} (1)

representing the set of points that interact with points in €.

2. Variational formulation of nonlocal diffusion

We define the energy functional

/ / @ D*u )d:cdy /fuda:
QUQ T JQUQT
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where f is a given function defined over 2 and @ is a second order tensor
satisfying ©(x,y) = 0% (z,y) = O(y,x). Let E.( fQ 2 dz denote the
constraint functional. We consider the mmlmlzatlon problem

min E(u; f) subject to E.(u) = 0.

The constraint functional may be interpreted as a nonlocal Dirichlet volume
constraint analogous to a Dirichlet boundary condition. By considering test
functions v that satisfy E.(v) = 0, we arrive at the necessary conditions for the
minimization problem: Find u such

/QUQI/QUQI (©-D*v )dydm—/fvdx (2)

holds for all v. To derive the strong form of the above variational problem, we
use the nonlocal Green’s first identity

/UD(@'D*u)d:C—/ /D*u-(@-D*v)dyda::/vN(@~D*u)dx,

Q QUQ T QUQ T Qr

where the interaction operator N'(v) : R" — R is defined by
N == [ (o) +r(p0) aleg)dy  orser,
QuUQz

to rewrite (2). Since v satisfying the constraint E.(v) = 0 is arbitrary, we have
formally established that

Lu = on ,
! (30
u=0 on (7,
is the classical formulation of the variational problem (2) where
Lu = / D*u- (6 D*u) dy, (3b)
QUOQT

or as an integral operator

Lu(zx) = /QUQ (u(y) — u(a:))a(z, y) - (@(x,y)oz(a:,y)) dy, xe€Q. (3¢)

2.1. Abstract Variational Problem

In contrast to the classical diffusion model that imposes boundary conditions,
the nonlocal model enforces conditions over a positive measure volume, or a
volume constraint. This constraint is the key to demonstrating that the weak
formulation of (3) is well-posed. We briefly review the results in [2] providing
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conditions on the kernel v = « - © - « so that the nonlocal diffusion equation is
well-posed. Suppose that the kernel satisfies the following conditions:

Y(@,y) 20 Vy € Be(z)and y(z,y) > 70 >0 Vy € Beja(), (4a)
Y(z,y) =0 Yy e (QUQ)\B:(), (4b)

for a sphere B, (x) of finite radius ¢ centered at x, and assume there exist positive
constants 1 and -5 so that

o S/ ¥(z,y) dy, / V(x,y)dy<~v; VzeQ. (4c)
(QUQ[)PIBE(QZ') QUL

Let Q C R™ be an open region and let Q27 be the interaction domain corre-
sponding to €, as defined in (1). Let u,v € L2(QU Qz), f € L?(Q). We define
the bilinear form a(:, -)

a(u,v) := 1/ / D*u- (O - D*u) dy dx. (5)
2 Javes Jouos

The nonlocal bilinear form induces a semi-norm |[|ul| = /a(u,u) on L*(Q U
Qz), which is equivalent to the L?(Q U Qz) norm for functions restricted to the
constrained energy space

L2 QuUQz) = {uec L*(QUQz) : |Jul| < oo and u|g, = 0 a.e.}.
Our abstract variational problem is: Find u € L2(Q U Q7) such that

a(u,’u):/gfvdx Vo e L2(QuUQz). (6)

The authors of the paper [2] demonstrate the coercivity and continuity of the
bilinear form on L2(Q U Qz) and the continuity of the linear form on the right
hand-side of (6) imply that the variational problem is well-posed by the Lax-
Milgram theorem.

Since our interest is in the inhomogeneous nonlocal diffusion equation, we
consider symmetric kernels

Y@, y) = (k@) + 5(y)) @e(llz — yl), (7)

where x and @, are such that the conditions (4) are satisfied, where the radial
function @, is compactly supported on a ball of radius e. The results of [2] then
imply that as ¢ — 0, the solution wu. of (3) converges to the solution of

{V%Vuzf on €

u=0 ond. ()

The interested reader should also consult [2] for further details on nonlocal oper-
ators, comparisons between nonlocal diffusion and classical diffusion equations,
and comparisons with the classical vector calculus and the nonlocal calculus.
The recent paper [5] discusses the nonlocal analogue of (8) with a Neumann
boundary condition and relationship with a smoothed particle hydrodynamic
approximation.
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2.2. Discrete Variational Problem
Let Vj, = span{¢; }Y; C L2(Q U Qz) be a finite-dimensional subspace. The
resulting discrete problem for (6) is: Find uj, = vazl c;®; € Vi, such that

olunsé) = [ fords Vo€V, )
Q
The resulting linear system of order N
Ac=Ff
has matrix and vector entries given by A;; = a(¢;,¢;), ¢; = ¢, and f; =

fﬂ f ¢; dx. In Section 4, we present a conforming discretization using a localized
basis of radial basis functions that generates a well-conditioned, sparse stiffness
matrix. Because the bilinear form af(-,-) is coercive and symmetric, A is a
symmetric positive definite matrix.

3. Radial Basis Functions

Radial basis functions (RBF's) are used to construct the approximation space
for the Galerkin method we propose in Section 4. Let @ C R™ and ¢ : Q@ — R
be a continuous function. We say that ® is radial if there exists ¢ : RT — R
such that ®(x) = o(||z|) for all z € R". Let {x;}¥; = X C Q be a collection of
scattered points, referred to as centers. A set of radial basis functions {®;}N,
is constructed by setting ®;(z) = ®(x — x;) = o(||z — z4|]).

The geometry of the centers is important for estimating the approximation
quality of the RBF interpolant and for estimating the condition number of the
interpolation matrix. RBF interpolation offers the advantage of not requiring
regular distributions of points; arbitrarily scattered centers produce invertible
interpolation matrices for positive definite functions. Let X C Q C R™ be a
set of scattered centers. We define the mesh norm (or fill distance) h to be the
radius of the largest ball in 2 that does not contain any centers and we define
the separation radius g to be the minimal pairwise distance between the centers.
See Figure 1 for a depiction of the mesh norm. These quantities are defined by

h

h = sup mix |z —z;l, q= ,uin lz; —z5ll,  p= pt (10a)

where the mesh ratio p provides a means of judging how well distributed the

points are. Informally, for p near one, the centers are almost uniformly dis-

tributed and large p indicates clustering of centers. We say that collections of

centers {X}, 4} are quasi-uniformly distributed if there exists positive constants
Cq, 5 such that

Cig < h < Caq. (10b)

Geometrically, this condition controls how the centers cluster as the density of
points increases. We note that for the quasi-uniformly distributed collections
of centers {X} 4}, we do not require that any of the point sets are nested in
another. The interested reader should consult [6] or [7] for further details on
radial basis functions and interpolation.
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Figure 1: The mesh norm is the radius of the largest ball that does not contain any centers.

8.1. Local Lagrange Functions

We now discuss the construction of local Lagrange functions that are con-
structed more efficiently than the full Lagrange basis we used previously in [1].
This leads to a significant reduction in computational cost as explained in Sec-
tion 1. Local Lagrange functions were first introduced for use on the sphere [8]
where decay properties and quasi-interpolation convergence rates were studied.
The local Lagrange basis can be constructed in parallel by solving small (rel-
ative to the number of centers) linear systems. Recent work [9] has extended
theoretical properties of the local Lagrange basis to compact domains in R™.

The construction of local Lagrange functions involves the addition of centers
outside of the domain €2 that are included in a larger set of points = D X. Let

Q={zeR":d(x,Q) < Mh|logh|},

for a positive constant M. A set of centers = can be constructed such that
=N N =X and = has mesh norm h in ). For each x; € X, let

Y;={y€E:d(x;,y) < Mh|loghl}. (11a)

The constant M is independent of h and can always be chosen, see [9, 8]. The
size of |T;|, the number of points in Y;, can be estimated by using (10a), the
separation radius ¢, and a volume estimate. If we apply quasi-uniformity (10b)
and since every center is separated by at least ¢, we estimate

(Bah1og bl (1)) M
/‘(Bq(xi)) Cqn

where p denotes the volume of a set in R™. For a quasi-uniformly distributed sets
of centers, the mesh ratio p (10a) is bounded above and below by constants. This
key estimate (11b) demonstrates that constructing a local Lagrange function
requires solving a linear system of order O( log N ") as opposed to O(N) for the
full Lagrange functions.

The local Lagrange function centered at x; is defined to be

i < X llog h|* < Cp”|log |, (11b)

[T L

bi(x) =Y _aze(lle — ;) + ) Bi() (12a)
j=1 1=1
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where spam{pl}f:1 denotes the space of polynomials of degree less than or equal
to L on R™, and for 2m > n the function

r2m="logr n is even

p2m—n n is odd
p(r) = { (12b)

is a thin plate spline. The coefficients o;; and §; are determined by the solution
of the saddle point linear system

[T L
0ij =Y ogplle —ai|) + > Bipu(:) fori=1,...,|7i,
j=1 =1
- (12¢)
():Zajpl(xj) forl=1,...,L.
j=1

Given the IV centers in X, the ensuing NN local Lagrange functions can be shown
to satisfy the Kronecker delta property b;(x;) = d; ;. Augmenting the thin plate
splines with polynomial functions ensures that the saddle point system (12c) is
invertible, or equivalently, the interpolation system is well-defined. The thin
plate splines so represent a conditionally positive definite set of functions of
order L, i.e., for any set of centers {z;}}, satisfying Zfil a;p(x;) = 0 for any
polynomial p in the span of {p;}%_,, the quadratic form Zf\il Z;V:1 a;op( ||z —
x;||) is positive.

The local Lagrange functions provide approximation rates analogous to well-
known approximation rates for Lagrange functions, which are globally sup-
ported. We will exploit this result to establish an L? error estimate for the
interpolant determined via a conforming basis of local Lagrange functions, see
Proposition 1.

Lemma 1. Let n and m denote the space dimension and thin plate spline pa-
rameter (12b), respectively. Suppose that n < 2k < 2m and f € WF(Q U Q)
satisfies fla, = 0. Then, for sufficiently large M associated with Y; given by
(11b), the quasi-interpolant

satisfies

If = Ix Fllza) < CR I lws -

PROOF. We assume the set of centers = C QU Q; with X :==ZNQ. Let y; be
the Lagrange functions centered at z; and b; denote the local Lagrange function
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centered at x;. Then,
N N

lu — Z“(zi)binﬁ(ﬂuﬂz) <|lu— E u(wi)xill L2 (uas)
=1 i=1
N

+ ZU(%)(XZ = bi)ll2(Quar)-

i=1

Since Zfil u(x;)x; is the Lagrange function interpolant to u using the set of
centers in zi C QUQyr, we apply [10, Thm 4.2] to QU Q7 to obtain the estimate
N
k
lu = ulwaillzz@ons) < Ch¥lullwgaua) -
i=1
Next, we apply [9, Theorem 4.10] to bound ||byi — X4 L2(Qua,). Because
N < Cq~? holds for quasi-uniformly distributed sets and applying the Sobolev
embedding theorem to bound |[ufz=@ua,) < Cllullwsua,). grants the esti-
mate
N
I Zu(mi)(bi = Xi)lz2euar) < Cq " [luille2 vy sup [[b; — XillL2(Quay)
i=1 g
< 7l B

< ChMV\274m727—71HUHW?’“(QUQI)'

Therefore, for sufficiently large M, the exponent on h is at least as large as k.
Combining the two inequalities yields the desired result.

3.2. Local Lagrange Quadrature

We introduce a quadrature method that is essential for the implementation of
the Galerkin method we introduce in Section 4. Let f € WQ’B(Q) satisfy flo, =0
and let X C Q be a collection of NV centers. Let y; be a globally supported
Lagrange function centered at x; € X and let b; be a local Lagrange function
centered at x;. We define the quadrature weight at z; to be w; = fQ xi(z) dz and
the Lagrange function quadrature rule to be Qx(f) = Zi\il f(z;)w;. Similarly,
we define the local quadrature weight at x; and local quadrature method to be

N
i = [ b(a)do and Qx($) = Y- f(a)i, (13)
Q i=1
respectively. We demonstrate that the quadrature error decreases as the mesh

norm decreases.

Lemma 2. Let n and m denote the space dimension and thin plate spline pa-
rameter (12b), respectively. Suppose that f € W¥(Q) for n < 2k < 2m satisfy
flaz = 0. Then, for sufficiently large M associated with T; given by (11b),

[ #0)-0xr)] < Mg
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PROOF. The result follows by the Cauchy-Schwarz inequality and Lemma 1.

The Lagrange function quadrature rule was first proposed in [11] for boundary-
less manifolds, e.g., a sphere. The quadrature method proposed enabled the use
of arbitrarily scattered data samples for quadrature on spheres. Although the
quadrature weights proposed required solving a dense linear system, the authors
provided a preconditioner for the quadrature weight linear algebraic system that
resulted in a practical quadrature routine [8, Section 7]. The Lagrange function
quadrature routine has also been used for Galerkin methods for partial differen-
tial equations on spheres in [12]. In the paper [1], a quadrature rule for compact
domains was introduced by modifying the construction on manifolds.

The local quadrature weights are constructed by computing the integrals of
the translates (|| — z;]|), a modification of the method of [1]. Substituting
(12a) into (13) grants

[T

L
wizgaj/gwx—mj||>dx+l2216z/9m<w>dw-

The construction of the local quadrature weights does not require the solution of
a large linear system. However, the weights do require that the local Lagrange
function coefficients are first computed.

4. Galerkin Radial Basis Function Method

4.1. Local Lagrange Discretization

Let X C QU Q7 be a set of quasi-uniformly scattered centers with mesh
norm h. For each center z; € X, we construct b; (12a), the local Lagrange
function centered at z;. Unfortunately, the span{b; : z; € Q} ¢ L?(Q U Q7)
because the local Lagrange functions b; are necessarily nonzero over {27. Hence
we replace b; with l~)i = b;1q, where 1 is an indicator function for 2 and set

Vi = span{b;}¥, c L2(QUQ7), (14)

the space of shape functions (9). By construction, a function f € V}, satisfies
the constraint f"|q, = 0. The following result explains that this constraint
does not increase the approximation error when the constrained local Lagrange
function b; replaces b;. We remark that we can replace the constraint on f" €
Vi, so that f"|q, = g for some function g € L?(Qz) by instead considering
b;1q + glq,. This clever choice enables us to consider nonhomogenous volume-
constrained nonlocal diffusion problems (3), i.e., the volume constraint u = g.

Proposition 1. Letu € W§(Q) forn < 2k < 2m be the solution to the nonlocal
problem (6) where m denotes the thin plate spline parameter (12b), and let
up, € Vi, be the solution to the discrete variational problem (9) where V3, is given
by (14). Then the estimate

[ — unl L2(uar) < CR*|lullws @uar)-

10
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holds for sufficiently small h and for sufficiently large M associated with Y;
given by (11b)

PROOF. By setting uj, = Zf\il u(xi)l;i, we have

N N
llu — Uh||L2(QUQI) < Cllu— Zu(a?i)biHH(QuQI) =Cllu— Zu(ﬂﬁi)biﬂm(g)
=1 =1
N
S CHU — Z u(lL’i)bi||L2(QUQI).
i=1

We now apply Lemma 1 to establish the estimate.

Section 2.1 demonstrated that the infinite dimensional nonlocal diffusion
problem is well-posed subject to the conditions on the kernel. In particular, the
nonlocal operator £ (3) is a mapping from L?(Q U Qz) to L?(Q2). The error
estimate then implies that the source term f € WJ(Q) in order to satisfy the
hypotheses of the estimate. If m = n = 2, then k has an upper bound of
2; in other words, a quadratic convergence rate is possible when Q C R? and
f € W2(Q). Our numerical experiments demonstrate second order convergence.

We now demonstrate that the condition number of the stiffness matrix A
is bounded independent of the mesh norm h or the separation radius q. The
Lemma that follows extends results available for finite element methods, e.g.,
[13], to RBF. The result relies on recent advances, see, e.g., [9], in the theory of
radial basis functions.

Lemma 3. The condition number of the discrete stiffness matrix A is bounded
above by a constant independent of h and q.

PROOF. Let A denote the N x N symmetric stiffness matrix and let ¢ € R”.

Then,
N N N N
(Ac,c) = Z (Z (A,-Jci)cj) = a<z c;ib;, chbj>.
i=1 N j=1 i=1 j=1

By the coercivity and continuity of the bilinear form and since Zf\;l ciby €
L2(Q2UQz), there exists Aj, A2 such that

N N N N
)\1” ZcibiHL?(QUQI) S a’(zcibi’zcjbj) S )‘2||ZCJbJ||L2(QUQZ)
i=1 =1 Jj=1 =1

It follows that since b; = 0 on Q7 and 61|Q =0,

N N
Ml ZcibiHL?(Qqu) = A ZcibiHLz(Q) -
=1 =1

11
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By [9, Proposition 5.3] and [9, Theorem 4.12], there exists C and Cquq, inde-
pendent of A and ¢ such that

N N
Caq"|lcllem) < | Zcibillm(ﬂ) I Zczb |22 (uas) < Cavard™ llellen-
=1 i=1
Then, we bound
)\max(A) CQUQI)\Q

4.2. Approximating the stiffness matriz by quadrature

A direct evaluation of the integrals for the bilinear form a results in a dense
stiffness matrix. However, the local Lagrange function by decays rapidly away
from the center zp. We now introduce a practical method to approximate the
elements of the A that generates a sparse matrix. The method applies the
quadrature rule (13) twice because of the double integration:

A, ;= a(bi,b;)

—2/ / 2)bj(x)y(z,y) da dy
QuQz Jouns
—2/ / )b (y)y(x,y) dx dy
QUQ T JQUQT

~ 20,5 W; / V(@i y) dy — 205 (w4, 75) (15)
QUOQT

where we invoked the symmetry of the kernel for the second equality and then
repeatedly exploited the identity Ej (xg) = djk from the discussion following
(12¢). The assumption (4) on the kernel that vy(z,y) = 0 for ||z — y|| > € then
results in a stiffness matrix that is nonzero only within the region of nonlocality.
The integral involving v(z;,y) may be computed analytically for some kernels
or by quadrature. The resulting stiffness matrix is symmetric, and also positive
definite when the weights w; are positive and

| Gy >3 iy,
QU7 gy
The latter inequality implies that the approximate stiffness matrix is strictly
diagonally dominant and so positive definite since it is also symmetric. The
necessity of a positive w; is apparent otherwise the associated diagonal element
is negative and hence A cannot then be positive definite.

We now demonstrate that the density of nonzero elements in the stiffness
matrix is bounded independent of the mesh norm h and separation radius q.

Lemma 4. Let {X} 4 be a collection of quasi-uniformly distributed centers in
R™. Then, the ratio of the number of nonzero entries per row to the total number
of columns is bounded independent of h,q.

12
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PRrROOF. Fix X := X} ; and fix 2; € X. Recall that ||z; — z;|| > €, A; ; =0 by
(15). Let N; = {x;j : ||z; — ;]| < e}. Let C), denote the constant so that a ball
of radius 7 has volume C,7". The number of nonzero entries on row i is the
same as the cardinality of N;, which we compute by estimating the number of
centers in N;. We bound the cardinality |N;| of N; by noting that every center
is separated by at least q, so

Cn(|Ni|)qN = U-’EjENi:LL(Bq('Ti)) > .U(Be(xi)) = CngN,

which implies | N;| < eVg~". The density per row is computed by % < EN]’{;n .
We bound N since we may cover {2 with balls of radius h by Q C Uy, ex Br(z;).

Consequently, p(Q2) < NC,h", which implies

N; - eNg CnsNﬂ

N = u@C T (@) ¢

The result follows by recalling that (10b) bounds the mesh ratio h/q.

We compute the values b; from (9) by applying the local Lagrange function
quadrature rule

b ~ f(z;)wila(w;), (16)

introduced in Section 4.1.

Let @, denote the solution to the discretized linear system assembled by
quadrature from (15) and (16). We desire an estimate that predicts the conver-
gence rate of 4y to u in terms of A, as in Proposition 1. However, this requires a
thorough analysis of the affect of quadrature on the solution to the resulting lin-
ear system of equations. By applying the triangle inequality and Proposition 1,
we may estimate

lu = anllze < [lu = unll + lun — @nllzz < CR®|lullwy + lun — nlla.

Both wj and 4y, are linear combinations of local Lagrange functions with co-
efficients {a;}Y; and {&;}}¥, respectively. In the numerical experiments we
present in Section 5, we only produce the coefficients {a;}Y ; since we apply
quadrature to assemble the linear system of equations. The error between uy,
and up, may be quantified by

N
lun = dnllze = 1Y (s — @)billz> < Cqlles — @ill 2 ().
=1

We do not currently have an estimate to bound |lc; — &;l|s2(n). Despite the lack
of theoretical justification, we demonstrate in Section 5 that the discrete solution
produced by solving the linear system assembled by using quadrature follows
an estimate of the form in Proposition 1. These results suggest ||[u — p||p2 ~
|lu—up|/r2 < Ch* [ull - Further theoretical work on RBF quadrature methods
is required to resolve this estimate.

13
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5. Numerical Results

We present numerical results for experiments using the discretization de-
scribed in Section 4. We discuss local Lagrange function construction, L? error
and condition number computations. We compare the theoretical prediction
for L? convergence and condition numbers with observed results from numer-
ical experiments. We consider solving two dimensional problems of the form
(9) with a radial kernel ® and two different diffusion coefficients x; see Sec-
tion 5.1 and Section 5.2. For all tests we consider zero Dirichlet volume con-
straints. The tests are computed on the set QU Qz where Q = (0,1) x (0,1)
and Q7 = [—i, 2] X [—i, %]\Q All computations are done in MATLAB and
the condition numbers of the sparse stiffness matrices are approximated by the
condest function. The sparse linear system is solved with either MATLAB’s
backslash operator or by conjugate gradient with a specified tolerance of 1079,
The number of iterations required for the convergence of the conjugate gradient
algorithm did not vary as the mesh norm decreased. This is as expected since
the condition number does not change with the mesh norm.

The local Lagrange functions are constructed with linear combinations of
the surface spline (12b) where n = 2, L = 3 and m = 2. Each local Lagrange
function is constructed using approximately 11log N? nearest neighbor centers,
where N is the total number of centers in Q U Q7. The stiffness matrix for
the nonlocal problem only requires Lagrange functions centered in €2, although
thin plate splines centered in (27 are required for the construction of the local
Lagrange functions as described in Section 3.1.

The kernel (7) is used and a solution u € L?(Q U Q) is chosen for each
numerical experiment. The source function f is manufactured by computing
Lu(z;) = f(x;) for each center x;, the values of f(z;) are computed by using
tensor products of Gauss-Legendre nodes to approximate the integral in (3).

We study L? convergence of the discrete solution by constructing sets of
uniformly spaced centers and sets of scattered centers with various mesh norms.
Uniformly spaced collections of centers X} are constructed using grid spacing
h = .04,.02,.014,.008, and .006. Collections of scattered centers X, are con-
structed by modifying centers in X} by a random perturbation of magnitude
at most 4h/15. The convergence of the discrete solution up to the solution u
is measured by plotting the L? norm of the error ||u;, — ul|2(Quo,) against the
mesh norm h. We expect for u € W5 (QUQz) that [[u—up| 12(0) < C’hk||u\|wéc(ﬂ)
by Proposition 1.

5.1. Linear diffusion coefficient

We choose solution a u and a kernel v with diffusion coefficient x and radial
function ® given by

u(xy, xe) = sin(2mxy ) sin(2ras) Lo (z1, z2)
K(x1,22) = 14 21 + 22 (17)
Oe(|lz —yll) = exp (= (1 - 2[lz —ylI*)~").

14
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Figure 2: The log of h versus the log of the L2 error for the linear diffusion coefficient
experiment with functions given by (17) is displayed.

Figure 2 displays the observed L? convergence rates with respect to the mesh
norm h for the uniformly spaced and scattered centers experiments. The log of
the computed L? error versus the log of the mesh norm is presented along with
a best fit line to estimate the convergence order of the observed data. Table 1
displays the condition numbers of the discrete stiffness matrices. The observed
condition numbers of the stiffness matrices do not increase as the mesh norm
decreases, which matches the result of Lemma 3.

5.2. Exponential diffusion coefficient

We choose solution a u and a kernel v with diffusion coefficient x and radial
function ® given by

e

u(wy,w2) = (w1(21 — 1)) * (w2(22 — 1))%]19(331,1‘2)
k(x1,x2) = exp(T1 + T2) (18)
O.(|lz —yll) =exp (— (1 -z —y[*) 7).

Figure 3 displays the L? convergence plots for the experiments involving usy
and ko. The L? error rate matches the expected convergence rate predicted
by Proposition 1. The expected h? order convergence is observed in both the
uniformly spaced centers and the scattered centers experiments. Table 1 displays
the condition numbers for the discrete stiffness matrices of various values for h.
The condition numbers of the discrete stiffness matrices do not increase as the
mesh norm decreases, which matches the prediction in Lemma 3.

5.83. Vanishing Nonlocality

We present numerical results investigating the effects of decreasing the non-
locality . As discussed following (8), the solution of the nonlocal problem

15
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Figure 3: The log of h versus the log of the L? error for the exponential diffusion coefficient
experiment with functions given by (18) is displayed.

Table 1: The mesh norm h, number of rows n of the stiffness matrix, and the estimated
condition number for the stiffness matrix with the linear diffusion coefficient (17) and the
exponential diffusion coefficient (18). The condition numbers of the stiffness matrices does
not increase as h decreases.

Approximate Condition Number

h n Linear Exponential
2.83e¢-2 625 58 89
1.41e-2 2500 59 90

9.9e-3 5041 59 90
5.7e-3 15625 60 92
4.2e-3 27889 60 92
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converges to the solution of the classical diffusion equation with coefficient  as
€ decreases. Recent work has investigated the effects of balancing the mesh ratio
h for a finite element discretization with decreasing € to some limit, e.g., 0. The
authors of [14, Section 4.3] demonstrated that as the nonlocality decreases to
zero while hold the mesh size fixed, the finite element stiffness matrices for the
nonlocal problems converged to discretizations of the local problem. More ab-
stractly, a thorough study on asymptotically compatible schemes extended the
previous work to general discretizations such as collocation, finite difference,
and Galerkin methods [15]. Our objective here is to investigate, for fixed mesh
norm h, how the solution to a nonlocal problem with decreasing nonlocality
¢ compares to the solution to the corresponding local problem, similar to [14,
Section 4.3]. As the RBF method we present is a new method not previously
considered, we perform similar experiments to understand whether this method
behaves analogously as the methods considered in [14] behave in the local limit.
We consider inhomogeneous kernels of the form

1e(e,9) = 5 (5() + ()2 e — yl). (19)
We investigate approximating the solution to an inhomogeneous differential
equation by solving an inhomogeneous nonlocal problem with sufficiently small
€. Our numerical experiments demonstrate that the discrete solution to the in-
homogeneous nonlocal problem converges to the solution of the inhomogeneous
differential equation.

We assume that x,u : R — R are smooth functions. Then, for fixed x € ,
we apply a Taylor series expansion in a ball B.(z) for u(y) —u(x) and k(z)+£(y)
to L to obtain

1

Lou(z) = 2(k(x)u’(x))// 20, (|7])dr + O(£?),

—1

where we invoked the symmetry (in = and y) of the kernel (19). Therefore, as
¢ decreases to zero,

Lou(z) — (pk:(x)u'(x))/ and p:= 2/ 20(|7]) dr,

-1

a formal derivation of (8).

We numerically experiment with a Lagrange function discretization to solve
the problem L. u. = f for inhomogeneous nonlocal operators. Let u denote the
solution to the classical problem (8) and let h be a given mesh norm. We solve
L.ue = f by discretizing the problem with Lagrange functions to construct
an approximate solution u. ;. We numerically demonstrate that as ¢ — 0,
|u = el L2(0u07) = O(e2).

We let ®(c!|z]]) = (1 — e72||z[|*)1}2|<c(z) and we consider two diffusion
coefficients x(z,y). We first consider a case of a linear inhomogeneous function
of the form k1(z,y) = 1+ 2z + y and ka(x,y) = exp(x +y). We set . as

17
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Figure 4: The log of € vs. the log of the L2 error of the discrete solution U, is plotted for

the experiment using k1. As € goes to zero, we observe €2 convergence.

in (19) with the two choices for k. The mesh norm h = .000075 is fixed for
the experiments and we consider a range of € values from .075,.0625, .05, .04,
and .035. We discretize the problem L.u. = f with Lagrange functions and a
discrete solution u. ; is computed as described in Section 4.

We choose

u(z) = (1 — cos(2mz)) Lo,y () (20)

and we analytically compute the source term f for the classical problem (8) to
obtain

flz) = _277(5111(27“) +27(1+x) cos(27rx)) for k1,
— exp(x) (27 sin(2mx) + 472 cos(27x)) for ko .

In contrast to the experiments in Section 5.1 and Section 5.2, the source function
f is fixed, h is fixed, and e changes. For the fixed collection of centers with
h = 7.5 x 1077, for either k1 or kg, the L? error ||u — ue p| 12[0,1) converges
at approximately the expected rate of O(g?). A convergence rate of 1.94 was
observed for k1 and 1.92 for ko. The numerical results support the contention
that the solution to the classical problem (8) is approximated by discretizing
and solving an inhomogeneous nonlocal volume constrained equation.

5.4. Effects of Scattering Centers on the Solution

We investigate the effects of using increasingly scattered collections of cen-
ters on the Galerkin radial basis function method. Radial basis function meth-
ods, being inherently meshfree, offer the possibility of working with highly non-
uniform collections of centers. However, the mesh ratio p (10a) may become
large for highly scattered collections of centers. This may have deleterious ef-
fects on the quadrature weights, the condition number of the stiffness matrix,

18
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Table 2: Results for the scattered centers experiment. Larger values of scattering produces
large mesh ratios, which may produce negative quadrature weights.

a  Mesh Ratio p  Condition Number min; w;

= 1.142 7.9 x 10! 3.34x 107
Z 1.3 8.8 x 10* 2.9 x107*
3 1.6 9.0 x 10! 2.0x 1074
% 2.0 1.1 x 102 1.4x1074
& 2.7 1.4 x 10? 4.4x107°
2 3.9 6.5 x 102 —7.6 x 107°
= 7.4 7.3 x 102 —-2.1x107*

or the solution to the nonlocal problem. For example, the constants Cq and
Cauq, in Lemma 3 implicitly depend upon the mesh ratio being bounded.
Consequently, if the mesh ratio increases, Lemma 3 may not hold. Informally, a
large value of p is analogous to a finite element discretization where one triangle
becomes disproportionately small relative to the rest of the mesh.

We place uniformly spaced centers, X, with grid spacing h = .02 along
[—.25,1.25]%. For each center in [0, 1], a local Lagrange function will be gener-
ated. The centers outside of [0, 1]? are used only to aid in the later construction
of the local Lagrange functions after we scatter the centers. A scattering pa-
rameter « is introduced, which will vary for each run of the experiment. Each
center x; € [0,1]2NX is perturbed in a random direction with magnitude a-h to
generate the collection of scattered centers, X,. The local Lagrange functions
are then constructed, and the nonlocal problem is solved using the resulting dis-
cretization and quadrature weights. Our objective is to study how the condition
number of the matrix, the mesh ratio p, and the quadrature weights vary as the
scattering parameter « increases.

We choose values « = [1/16,2/16,3/16,4/16,5/16,7/16]. To prevent possi-
ble overlap of two centers after perturbing, we exclude the case o = 1/2. For
each value of «, a collection of scattered centers is generated and corresponding
local Lagrange functions and quadrature weights are produced. We then solve
the nonlocal problem with the method of Section 4.

The results of the experiment are listed in Table 2. Larger mesh ratio values
indicate that two centers may be disproportionately close relative to the posi-
tions of other centers. In this case, the integrals of the local Lagrange functions
may be negative which results in negative quadrature weights. As explained
following (15), the resulting stiffness matrix is then no longer positive definite.
While the resulting linear system may have a numerical solution, the conjugate
gradient iteration may fail. As can be seen in Table 2, the cases of o = 6/16,7/16
results in negative quadrature weights.
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Figure 5: Example of randomly generated scattered centers perturbed with scatter parameter

- 7
o= 5.

6. Conclusion

The primary contribution of our paper was the introduction of a meshfree
discretization for a nonlocal diffusion problem using a localized basis of radial
basis functions. Our method consisted of a conforming radial basis of local
Lagrange functions for a variational formulation of a volume constrained non-
local diffusion equation. We also established an L? error estimate on the local
Lagrange interpolant. The stiffness matrix was assembled by a special quadra-
ture routine unique to the localized basis. Combining the quadrature method
with the localized basis produced a well-conditioned, sparse, symmetric posi-
tive definite stiffness matrix. We demonstrated that both the continuum and
discrete problems are well-posed by appealing to recent work and presented nu-
merical results for the convergence behavior of the radial basis function method.
Finally, we explored approximating the solution to inhomogeneous classical dif-
fusion equation by solving an inhomogeneous nonlocal integral equation using
our proposed radial basis function method.
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